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Abstract
Complementary to the conventional dish radio telescopes, aperture arrays provide
a technically attractive approach to achieve a large field of view and flexibility in
observational parameters e.g. Sky area vs. bandwidth. Designs of both aperture array
elements and overall geometry for the SKA Mid Frequency Aperture Array are
presented here, together with resulting trade-offs. The paper reports the latest devel-
opments of global efforts on the front-end design of Mid-Frequency Aperture Array,
not attempting to make technology selections, as the priority of sciences and the time
for implementing Mid-Frequency Aperture Array is yet to be fully confirmed. Dif-
ferent on-going front-end solutions are introduced, particularly crossed ring antenna
array with a planar structure is explored in more detail as it is less known in the
community. Key performances of the candidate front-end technologies are addressed
by examining the prototypes. The objective of the collaborative study is to increase
technology readiness for implementation of Mid-Frequency Aperture Array in the
future.
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1 Introduction
The Square Kilometre Array (SKA) has origins pre 1990 when a number of authors
published work arguing the need to construct a high sensitivity instrument to detect
Neutral Hydrogen(HI) at extreme redshifts. On 8 October 1990, the IAU colloquium
131 was held in Soccorro, New Mexixo, USA. At this meeting, Wilkinson [1] pre-
sented the science case for a radio telescope with 1 square kilometre collection area
to detect HI in galaxies at high redshift. Dish antennas are preferred in this work
to form the large collection area which is essential to obtain the sensitivity and the
angular resolution required. Prior to this meeting, Jan E. Noordam, Robert Braun,
and A. G. de Bruyn had proposed a Dutch Neutral Hydrogen telescope [2] between
1988 and 1990. At about the same time, Govind Swarup was also proposing a next
generation centimetre radio telescope [3] based on then on-going Giant Metre Radio
Telescope [4] (GMRT) project. Parijsky mentioned the new century radio telescope
[5] to meet the challenges of the exponential growth of the electromagnetic pollution
by our civilization in 1992.
The classical noise signal characteristics from sky show a frequency dependence
such that above several hundred MHz the total noise at the receiver is dominated
by self-generated noise in the front-end components of the receiving system. This
noise level is further complicated by increasing Radio Frequency Interference (RFI).
SKA with a low noise temperature and a high dynamic range has to overcome these
challenges with sufficient sensitivity to resolve the invisible sky in the early Universe.
This results in a requirement for a large effective area instrument. SKA surveys also
require large effective Field of View (FoV) so that survey speed can be maximized,
enabling practical all sky surveys [6].
It has always been the primary goal of SKA to study faint spectral line emission
from the early Universe [7–9]. SKA will be the premier imaging machine [10] in the
world with its milliarcsecond-scale angular resolution and sensitivity of 2×104 m2/K.
The wide field of view and high sensitivity make the SKA a superior instrument
to chart distribution of galaxies and the matter structure of the Universe to greater
depths on large scales. Expected uses of the HI from SKA has being changing over
time. Pulsar research [11–13] has gained importance and further stimulated by gravi-
tational wave detection such as LIGO and LISA [14]. Transient effects are providing
new information in radio astronomy [15, 16]. However the exploration of unknown
is more likely to make the most significant new discoveries [17]. It is desired for the
SKA to use phased arrays at lower frequencies and dish arrays at higher frequencies
[18] due to the extremely large number of elements needed at high frequencies which
is unlikely to be affordable.
Traditionally, the cost of such arrays at microwave frequencies has limited their
application. Recent large scale integrated circuit development now allows cheap
duplication of low noise receivers attached to many individual receptors. It is
now possible to provide an extremely large collection area by using arrays of
smaller elements providing electronically steered multiple beams and wide frequency
bandwidth.
The broadband aperture array with multibeam techniques significantly increases
the effective FoV (approximately two orders of magnitude than other existing
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telescopes) and this allows observing a large fractions of the sky in a short period of
time with a very wide bandwidth. These unparalleled properties of aperture array are
critically beneficiary also extremely important for transient sciences [19], particularly
Fast Radio Bursts(FRBs). More discovery of the FRBs will help to understand the
dark energy equation of state. The potential FoV of several hundred square degrees
of Mid-Frequency Aperture Array (MFAA) makes it a prime candidate for discov-
ering FRBs in sufficient numbers to do world-class cosmology, and effectively a
10-gigapixel ultra-wide field spectroscopic camera.
One of the milestones in using wide band phased arrays for astronomical obser-
vation was the THousand Element Array (THEA) in 2000 [20]. Currently, the
developments of LOw Frequency ARray(LOFAR) [21], the Electronic Multibeam
Radio Astronomy Concept (EMBRACE) [22] and The Murchison Widefield Array
(MWA) [23] have worked as effective pathfinders to provide valuable experiences to
design and implement the planned aperture array in SKA. The deployment of SKA
is scheduled in two phases. The Low Frequency Aperture Array (LFAA) [24] with
217 elements in 512 stations operating between 50MHz and 350MHz, a major part
of SKA phase 1, is a sparse irregular array. The development of the more techni-
cally challenging MFAA system is envisaged in SKA Phase 2 commencing in the
early 2020s. The MFAA is conceptually considered technically and astronomically
less mature than other conventional receiving technologies. However they represent
the most competent technology available with its wide field polarimetric capabilities
and the ability to detect very small variations in the observed signal.
The MFAA is particularly well suited to perform the neutral hydrogen ’billion
galaxy survey’. The high level design parameters, derived from science requirements
[25] for SKA MFAA, are summarized in Table 1. There is a large engineering and sci-
ence challenge to implement MFAA within the cost, power and timescale constraints
of SKA [26, 27]. This work discusses the technical challenges and the solutions in
connection with the latest developments on MFAA in the SKA community globally,
in particular the front-end design which dominate the receiver noise. In addition,
Table 1 SKA MFAA high level design requirements
Parameter Goal Main sciences that drive the requirements
Low Frequency (MHz) 400 High redshift HI, Steep spectrum sources
High Frequency (MHz) 1450 HI, continuum applications, Transients
Sensitivity at zenith (m2/K) 10000 HI continuum deep fields
Field of View (deg2) 200 Transients
Maximum angular resolu-
tion (arcsec)
0.5 Continuum surveys
Scan angle from zenith (deg) 45 Cosmology; transients; pulsar searches; Galactic HI
Overall sky coverage(deg2) 25000 Cosmology; transients; pulsar searches
Polarization purity (dB) −25(off
axis) −40(on
axis)
Pulsar timing ; cosmic magnetism
Spectral Dynamic Range (dB) 60 HI; BAO and galaxy evolution
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the total number of elements required is determined by the chosen array geometry
and it has a direct cost and power implications on closely connected or associated
electronics. Hence two typical array geometry configurations are also investigated.
2 Aperture array antennas
Aperture Arrays have been progressively developed to become a strong candidate
technology for radio telescopes capable of a large collecting area. The cost of an ele-
ment is critical for SKA implementation since the total number of elements is on
the order of millions. The antenna element needs to operate between two and three
octaves in frequency bandwidth. To allow the Stokes Parameters of the received field
to be measured two orthogonal polarization components are needed over the entire
bandwidth. Additionally a wide scan angle must be provided to achieve a wide FoV.
Low noise is another parameter critical for providing the high sensitivity required in
radio astronomy applications, as a result, the low-loss antenna elements and low noise
receivers have been desired. Multiple broadband antenna element designs for aper-
ture array application are examined in the following sections. In particular, Crossed
Octagonal Ring Antenna (C-ORA) is covered more intensively as it represents a
novel approach compared to other antennas and less known in the community. How-
ever, other antennas mentioned below have being continuously improved and actively
used for radio astronomy, it is beneficial to report their progress and performance as
a benchmark. An artistic view of a MFAA station based on C-ORA and a section of
C-ORA array is shown in Fig. 1.
2.1 Tapered slot antenna
Tapered Slot Antenna (TSA) was proposed by Lewis in 1974 [28].TSA Antennas are
widely utilized in mobile telecommunications and radars. One type of TSA whose
slot is opened exponentially and it was called Vivaldi antenna [29]. Vivaldi Notch
antennas can provide bandwidths up to several octaves in phased arrays that scan
over wide angles. A parameter study of Vivaldi Notch-Antenna for phased array
is investigated in [30]. Within ASTRON multiple demonstrators and phased array
g
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p
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Fig. 1 Mid-frequency aperture array based on crossed octagonal ring antenna
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instruments have been built. The THousand Element Array (THEA) is the first out-
door phased-array system used to detect (strong) radio sources using adaptive digital
multi-beam beamforming techniques employing Vivaldi antenna [20]. The total num-
ber of Vivaldi antenna elements in THEA is 1024. EMBRACE is a dual station single
polarization aperture array telescope, which covered an area of 162 m2 in Wester-
bork, The Netherlands and 70.8 m2 in Nançay, France. EMBRACE in Westerbork has
10368 active elements and 4608 active Vivaldi antenna elements are used in Nançay.
The performance of the Vivaldi antenna designed for EMBRACE is described in [22].
Two EMBRACE stations have been tested in different phases of their construction
[31–33].
EMBRACE at Nançay has been fully operational since 2011. Characterization of
the 70.8 m2 dense array at Nançay is reported in [34, 35]. APERTIF, a focal plane
array instrument, currently being commissioned, uses 12 dishes of the Westerbork
Synthesis Radio Telescope [36]. Each focal plane array holds 121 Vivaldi elements.
Most recently the Low Noise Tile prototypes have been built to further decrease the
receiver noise figure of the antenna and LNA combination to 35 K levels [37] and
below at room temperature. Environmental prototypes are installed at the SKA Karoo
site to gain experience in material degradation, tile designs and local rodents. The
new mechanical connections have been made for Vivaldi antennas for SKA MFAA
[38] to ensure resistance to damage from local rodents. A prototype tile of Vivaldi
antenna array is shown in Fig. 2.
2.2 Crossed octagonal ring antenna
The initial Octagonal Ring Antenna (ORA) is a novel dual-polarized array antenna
with broad bandwidth. The detailed ORA design has been described in [39]. Very
different to Vivaldi antenna design, the ORA is designed to be a planar, easily fab-
ricated, and potentially low cost structure. The ORA operates at wide scan angles
with a smooth polarimetric performance over the entire FoV. The fundamental elec-
tromagnetics has been confirmed through previous studies with field measurements
Fig. 2 The Vivaldi antenna array tile for SKA MFAA, developed in ASTRON, The Netherlands
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[39]. In order to feed elements of dual polarization at the same position, hence a Low
Noise Amplifier (LNA) board for two polarizations can be shared, Crossed Octag-
onal Ring Antenna (C-ORA) is proposed based on the same principle as ORA. The
layered antenna array structure and the artistic view of the corresponding MFAA
station is shown in Fig. 1.
The array based on C-ORA elements is a three-layered structure. The embedded
active radiators or receptors are mutual coupled rings with a meta-material superstrate
layer above the element rings. The embedded receptors and the active layer they
formed are above the groundplane with a defined distance. The unit cell design of
C-ORA element is illustrated in Fig. 3. The dual polarized elements are fed at the
crossing point and share the same phase center. To achieve the required bandwidth
this antenna includes capacitive coupling loads between the elements. The C-ORA
structure itself presents a high radiation efficiency leading to a low noise temperature
due to its unique configuration. In addition, a customized balanced LNA using a
Monolithic Microwave Integrated Circuit (MMIC) has been produced and integrated
locally with the antenna element to minimize feeding loss [40]. This work is ongoing.
With the current LNA design, the view of the LNA box and its respective location to
the antenna elements is shown in Fig. 1b.
To reduce the number of active elements needed in the aperture, the C-ORA design
is also being explored with non-Cartesian distribution of the elements. This new
geometry is not viable from the conventional Vivaldi-type antennas. A triangular grid
based C-ORA array is designed and the prototype has been produced and compared
to a more conventional square grid C-ORA. Unit cells of the C-ORA designs for the
a b
c d
Fig. 3 The C-ORA array element design models
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square and triangular grid arrays and the respective section of arrays showing the
arrangements of elements is given in Fig. 3. The value of parameters for an optimized
C-ORA design is summarized in Table 2. The capacitor value between the square
grid element is 0.8 pF, it can be realized by 17 inter-digitated fingers, with the length
of each finger of 5 mm and the gap between fingers of 0.2 mm. For the triangular
grid array, the capacitor value between the element is 1 pF, it can be realized with 17
fingers, the length of each finger of 6 mm and the gap between fingers of 0.2mm.
The reflection coefficients for the C-ORA elements in an infinite array environ-
ment are shown in Fig. 4. The results are from simulations based on the optimized
C-ORA designs with the parameter values given in Table 2. The performances for
the C-ORA arrays with elements configured in both a square and triangular lattice
are shown. They illustrate the main characteristics of the C-ORA design: providing a
large frequency bandwidth (400MHz to 1.45GHz); operating over wide scan angles
(±45◦ from the zenith). It indicates that the aperture array based on C-ORA recep-
tors of a planar structure has the ability for simultaneous measurements over large
fractions of the sky (optical FoV over 200 deg2) at the mid-frequency band of SKA.
The same number of elements were used in both configurations of the finite array
prototypes, so that the triangular grid array occupies a larger physical area than the
square grid. Accordingly it is expected that the gain and hence sensitivity of the tri-
angular grid array is higher than the square grid using the same number of elements.
This is reflected in a narrower beam width for the triangular grid. Initial measure-
ments are given in Fig. 5, which confirms the simulation results. It is stressed these
are early measurements and do have significant measurement error due to site effects
but nonetheless indicate the triangular grid approach is worthy of further investigation
and refinement.
It reveals that approximately 13% total number of elements can be saved to achieve
the same sensitivity with a triangular grid based C-ORA array. It is noted that the
Table 2 Parameters for C-ORA design
Parameter Value (mm) Description
Square grid design
D 105 Element separation
r1 12 Radius for inner circle
r2 20 Radius for out circle
fh 15 Width for feeding strip
fg 2.8 Gap for feeding strip
Triangular grid design
TD 121.24 Length of the equilateral
r1 12 Radius for inner circle
r2 20 Radius for out circle
fh 16 Width for feeding strip
fg 2.5 Gap for feeding strip
364 Experimental Astronomy (2018) 46:357–380
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Fig. 4 The simulated active reflection coefficients in dB of C-ORA elements in infinite arrays, the arrays
are scanned to wide angles
sidelobes for the triangular grid based array has no significant increase compared
with that of the square based array even the element separation is greater. However, a
5-10 dB rise in cross polarization for the triangular grid array is observed compared
to the square grid array. The triangular grid allows for larger separation between ele-
ments compared to a square grid without effecting the maximum scan performance
limited by the occurrence of grating lobes. This makes it possible for the triangular
grid to cover the same aperture area as the square grid but with less elements.
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Fig. 5 The C-ORA array based on square and triangular grid, measured radiation patterns of the 4x4
subarrays in the diagonal plane (D-plane) for the bore-sight reception
2.3 Log periodic dipole array
The Log Periodic Dipole Array (LPDA) for MFAA is essentially a progression of
coplanar dipoles that increase size logarithmically as defined by a constant ratio. It
is derived from the LPDA concept for SKA-LFAA [41]. Different to the Vivaldi and
C-ORA mentioned above where the mutual coupling between the adjacent elements
are effectively employed to yield the frequency bandwidth, the single LPDA ele-
ment is designed to operate over the entire MFAA frequency band for sparse array
geometry [42] and using a single ended LNA in the current version. This would
deliver reduced power consumption with respect to a differential LNA (this may
be important considering the antenna numbers for MFAA) and is relatively feasible
for the MFAA bandwidth ratio - aprox. 3:1. A detailed trade-off study of match-
ing/bandwidth/linearity between the differential option (typically more suited for
wide bandwidths and better common mode rejection) and the single ended option
will be done in the coming years. The small profile is sought to reduce the footprint
of the antenna, and hence allow a higher frequency sampling if needed.
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Table 3 Parameters for LPDA design
Parameter Value Description
α 62.5◦ Outer aperture of the teeth
β 3◦ Inner aperture of the teeth
w1 37.5cm Antenna width
w2 28.5cm Log-periodic progression width
h1 30cm Antenna height
h2 5cm Distance from the last dipole to the GND plane
h3 7.1cm Bowtie bottom dipole
δ 45◦ Bowtie dipole angle
The current prototype design has 6 dipoles and its shape has been optimized using
simulations in order to remain effective at the low end of the frequency band. It is
noted that the overall element size is significantly smaller through iteration of design
studies. The size of the current element model is 37.5 cm (W) × 37.5 cm (L) × 30 cm
(H). The footprint of the LPDA for MFAA can be reduced further to allow the tran-
sition between the dense and sparse regimes, particularly at the high frequency. The
main parameters for LPDA design is given in Table 3. Initial measurements on a 16
element LPDA array (1 tile) for the MFAA band with a sparse random configuration
have been conducted at the Mullard Radio Astronomy Observatory, south of Cam-
bridge, UK. The measured results on scattering parameters have a good agreement
with the electromagnetic modeling, allowing further optimizations and characteriza-
tions for a greater scale investigation [43]. A larger array with 8 tiles, optical fiber
output for the antennas and digital beam forming boards is currently been devel-
oped at Cambridge to continue the studies on the sparse array design and calibration.
Furthermore, in collaboration with Cambridge Consultants Ltd., a mass production
version of this antenna is being developed in order to reduce the unit cost and improve
the life time of the design. The design model and the 16 element prototype tile is
illustrated in Fig. 6.
Fig. 6 The LPDA designed for SKA MFAA at University of Cambridge
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3 Array geometry
The high sensitivity for SKA telescope as mentioned in Table 1 demands a large num-
ber of wideband antenna elements in the aperture array. The array geometry regarding
the arrangement and spacing for these elements has a significant effect on the array
performance at different frequencies over the entire band [44]. The prime consider-
ations linked to the array geometry are Dense/Sparse regimes and regular/Irregular
formation of the array. A dense array samples the incoming wavefront at least at
the Nyquist rate by having elements spaced  λ/2. As the frequency reduces the
array oversamples the wavefront resulting in the effective aperture (Aeff ) remain-
ing roughly constant with frequencies. The benefit of this fully sampled system is
that there can be very tight control of the beams. This type of array has the high-
est dynamic range capability of AAs. Spectral dynamic range is defined as the ratio
of peak brightness to the residual instrumental spectral response, I/I, at the source
location over a specified spectral interval. However, for a given number of elements,
a dense regular array will suffer from a loss of sensitivity at low frequencies where
the physical aperture is oversampled and furthermore the effects of mutual coupling
are harder to deal with compared to sparse irregular (random) arrays.
A sparse array, as its name implies, has elements spaced further apart than λ/2.
In the limit, each element can act independently and provide an element level Aeff
which scales as λ2. This is of benefit particularly at the lower part of the frequency
band where sky noise becomes dominant. The increasing Aeff towards low fre-
quency increases the sensitivity and hence survey speed which helps counteract the
decreasing extragalactic flux density from the sources. The sensitivity of a telescope
is defined as [45]
S = Aeff
Tsys
(1)
Where Aeff is the effective area of the telescope and Tsys is the noise temperature of
the whole system, Aeff can be derived as
Aeff = λ
2
4π
D (2)
where λ is the wavelength and D is the directivity of the array, and the Tsys can be
calculated by
Tsys = ηrad · Tsky + T0 (1 − ηrad) + Trec (3)
where ηrad is the radiation efficiency of the antenna, Tsky is the sky noise tempera-
ture, T0 is the antenna noise temperature and Trec is the receiver noise temperature.
The sensitivity for the MFAA telescope is shown in Fig. 7. In this calculation the
antenna noise temperature over the frequency band is derived from Medellin model
in [46] and the receiver temperature, Trec, is assumed 38K. Tsky = 1.691× (f )−2.751
+ 4.875, and the sensitivity of the MFAA telescope based on sparse array of LPDA
and dense array of C-ORA is shown in Fig. 7. It is worth noting that the frequency
profile of the sparse array showing peaks and troughs is due to the directivity of the
current LPDA design that has 6 dipoles to cover the entire band. This prototype is
now being optimized to reduce this ripple. The criteria for the calculation is that the
sensitivity of the instrument at 800MHz is to achieve 10 000 m2/K. The number of
368 Experimental Astronomy (2018) 46:357–380
Fig. 7 The sensitivity for sparse and dense aperture arrays for MFAA, the sparse array is based on LPDA
and the dense array is based on C-ORA. Both are from simulated results
elements to meet the requirement for a sparse LPDA array is 6.5M, 25.3M elements
for C-ORA based on the regular square grid, and 22M elements for triangular grid
based C-ORA array. Both square and triangular based C-ORA dense array can be
furthered randomly thinned. C-ORA dense array based on regular triangular gird can
be thinned by 7% and the total number of elements for C-ORA can be reduced to
20.3M [47].
The sparse array shows its merit at the low frequency band (below 800 MHz)
due to the exponential increase of effective aperture towards low frequency. But for
the science observations at above 800MHz, the dense aperture array demonstrates
its advantages. The sensitivity for the dense aperture array has a significant drop at
the low frequency while the sparse array shows a reduced sensitivity at the high end
of the frequency band. It is worth noting that the sensitivity profile shown here has
ripples due to the antenna directivity for this particular design of the LPD antenna.
This design is an early prototype and it can be further improved to reduce this ripple.
The trade-off between dense regular arrays and irregular (or regular) sparse arrays
is the key for the design of an optimum instrument for SKA MFAA since it is not
only a trade-off of sensitivity at different parts of the frequency band but also there
are other important considerations including cost and sidelobe control. One of the
advantages of the dense sampled array over the sparse array is the sidelobe control
capability. In a dense sampled array, providing the usual coupling is allowed for, then
Experimental Astronomy (2018) 46:357–380 369
the sidelobes can be controlled directly by the chosen aperture weighting. In a sparse
array sidelobe control is much harder with far-out sidelobes in particular can become
high. Whether this is an issue or not depends on the science imaging required and,
assuming each station is used in an interferometer, the geometry and effectiveness of
the interferometric process in reducing residual sidelobes.
4 Analogue front-end components
The fully differential finite array based on C-ORA elements has been manufactured
and measured in a commercial Compact Antenna Test Range (CATR). The finite
array prototype and the measurement set up in the compact range is shown in Fig. 8.
The array prototype (10×10 finite array, 1.25m×1.25m in physical aperture size) has
been assembled with 8×8 elements in the centre integrated with LNAs. The radiation
patterns of the 4×4 subarray with an analogue beamformer have been measured.
The beamformed radiation patterns of the subarray at the centre of the finite array
prototype are shown in Fig. 9. A good agreement is achieved in both E- and H -planes
at different frequencies-900MHz, 1200MHz and 1400MHz.
4.1 Low noise amplifier
Antenna and Low Noise Amplifier (LNA) contribute a dominant amount of noise
into the whole aperture array system [48]. Their performances are the key to achieve
a low system noise. The widely used technologies for LNA design are HEMTs
on GaN, HBT on InP, HEMTs on GaAs and Bipolar- CMOS on silicon [49, 50].
Silicon is approximately 5 times cheaper than GaAs. SiGe technology seems to
be a good compromise in the respect of requirements on cost/energy/performance.
As more and more investment into silicon based technologies, Silicon Germanium
Fig. 8 The C-ORA finite array prototype and measurements of patterns in the anechoic chamber
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Fig. 9 The measured radiation patterns of the C-ORA subarray of 4×4 elements, an analogue beamformer
was used for the broadside observation, the subarray is at the centre region of 10×10 finite array, the
co-polarization patterns are shown and compared with simulations
(SiGe) heterojunction bipolar transistors (HBTs) have been continuously improved
and are currently beginning to become comparative with InP HEMTs for microwave
low noise amplifiers [40, 51]. The latest LNA developments in the radio telescope
community over the MFAA frequency band are summarized in Table 4. A MMIC
differential amplifier using NXP 0.25 μm QUBiC4Xi BiCMOS SiGe technology
has been developed at Observatoire de Paris, Station de Radioastronomie de Nançay
specifically for C-ORA design [52]. Two-stage differential cascode topology with
two common-emitters in each stage is used in the design [52, 53]. The LNA diagram,
mixed-mode S-parameters of the LNA derived from measurement, and the measured
noise temperature is shown in Fig. 10. The noise temperature measurement is based
on the method described in [54]. Performance of the differential LNA based on
BiCMOS SiGe technology under room temperature condition for the C-ORA array
designed by Station de Radioastronomie de Nançay is summarized in Table 5.
4.2 Analogue beamformer
For cost reasons, analogue beam forming and combiners in the signal chain of the
total system may be used to limit the number of digital receivers. In order to use
analogue beamforming over multi octave frequency ranges it is essential to use time
delay beamforming. The real time delay based analogue beamformer ASIC has been
developed at Observatoire de Paris, Station de Radioastronomie de Nançay. In imple-
menting the beamformer BiCMOS MMIC, the well-established technology from
New Experience Philips (NXP) based on QUBIC4Xi platform has been used.
The QUBIC4Xi manufacturing process uses carbon enhanced SiGe base for high
performance, reliable and highly integrated semiconductor devices. It minimizes the
Experimental Astronomy (2018) 46:357–380 371
Ta
bl
e
4
L
N
A
de
ve
lo
pm
en
ts
un
de
r
ro
om
te
m
pe
ra
tu
re
co
nd
iti
on
s
at
SK
A
M
FA
A
fr
eq
ue
nc
y
ba
nd
in
th
e
ra
di
o
te
le
sc
op
e
co
m
m
un
ity
In
st
itu
tio
n
Y
ea
r
G
ai
n
(d
B
)
N
T
(K
)
Fr
eq
(G
H
z)
In
pu
tI
m
p.
(	
)
Po
w
er
(m
W
)
Te
ch
no
lo
gi
es
C
al
ga
ry
[4
9]
20
07
17
14
0.
7–
1.
4
85
43
90
nm
B
ul
k
C
M
O
S
C
IT
[5
5]
20
09
27
90
–1
20
0.
5–
1.
5
50
76
M
M
IC
Si
G
e
H
B
T
A
ST
R
O
N
[2
2]
(E
M
B
R
A
C
E
)
20
07
30
35
–4
0
0.
5–
1.
5
70
pH
E
M
T
(A
T
F5
41
43
)
A
ST
R
O
N
[5
6]
(A
PE
R
T
IF
)
20
12
30
25
–3
0
1.
0–
1.
75
50
pH
E
M
T
(S
K
Y
67
15
1)
A
ST
R
O
N
[5
7]
(M
FA
A
)
20
16
30
25
–3
0
0.
5–
1.
5
50
pH
E
M
T
(S
K
Y
67
15
0)
C
IT
[5
8]
20
11
30
20
–4
0
0.
6–
1.
7
50
G
aA
s
H
E
M
T
C
am
br
id
ge
[5
9]
20
16
40
30
0.
3–
1.
5
50
13
0
Si
G
eC
C
SI
R
O
[6
0]
(D
if
f
in
pu
t,
SE
ou
tp
ut
)
20
09
28
30
–3
5
0.
7–
1.
8
30
0
G
aA
s
pH
E
M
T
s
(A
T
F-
35
14
3)
C
SI
R
O
(D
if
f-
SE
)
[6
1]
20
14
25
-4
5
23
0.
7–
3.
0
30
0
G
aA
s
pH
E
M
T
s
(A
T
F-
35
14
3)
A
ST
R
O
N
[6
2]
(D
if
f
L
N
A
)
20
07
20
-2
5
30
–4
0
0.
5–
1.
5
20
0
22
6
G
aA
s
0.
18
μ
m
O
M
M
IC
(C
G
Y
21
09
H
V
)
C
al
ga
ry
(D
if
f
L
N
A
)
[5
4]
20
08
14
-1
8
29
0.
7–
1.
4
10
0
10
6
90
nm
B
ul
k
C
M
O
S
X
lim
-N
an
ça
y-
N
X
P
[5
3]
(D
if
f
L
N
A
)
20
08
19
68
–7
5
0.
35
–1
.5
80
Si
G
e
B
iC
M
O
S
O
PA
R
(D
if
f
L
N
A
)
[5
0]
20
09
27
65
0.
3–
1.
9
10
0
72
.6
M
M
IC
25
0n
m
Si
G
e
H
B
T
IG
N
(D
if
f
L
N
A
)
[6
3]
20
10
26
-3
6
43
-5
5
0.
3
—
1.
0
15
0
G
aA
s
pH
E
M
T
s
(A
T
F-
35
14
3)
N
an
ça
y-
N
X
P
(D
if
f)
[5
2]
20
15
25
30
0.
4–
1.
6
12
0
15
0
Si
G
eC
H
B
T
372 Experimental Astronomy (2018) 46:357–380
Fig. 10 The diagram of the differential LNA structure and the measured performance
base resistances, while ensuring sufficient current gain and sound high frequency
noise. It is based on the 0.25 μm BiCMOS SiGe production process. The technology
features 5 buried layers of metal interconnect, deep-trench-isolation, and double-poly
HBT. A high density metal-insulator-metal (MIM) capacitors and Shielded single
ended inductors are available from the library. High-Q inductors can be realized by
putting metal spiral traces of a thick Cu above passivation layers, and using thin-film
wafer-level packaging techniques. Both of them are crucial to achieve the required
time delays with a minimum chip area. The size of the chip is 3.19mm × 3.594mm
including sawlanes. A simple circuit model for the delay line is the constant-k LC
ladder structure. The time delay of this structure is approximately Td = n
√
LC,
where n is the number of LC sections. The Beamformer Chip (BFC) architecture
supports four input channels, and can generate two independent beams. Each channel
contains its own digital control circuit to set the delay steps for the beams and a
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Table 5 Performance of the LNA based on BiCMOS SiGeC technology developed at Observatoire de
Paris, Station de Radioastronomie de Nançay
Parameter Value Description
flow (MHz) 400 Low frequency
fhigh (MHz) 1600 High frequency
NT (K) 30 Noise temperature
Gain (dB) 25 Differential Gain
Vcc (V) 3.3 DC supply
IBIAS (mA) 46 Current
OIP3 (dBm) 11 Output third-order intercept point
Input Impedance 2×60 ohms Different input
Output Impedance 2×50 ohms Differential output
P1dB 0dBm 1 dB Compression point
combination network. 18 registers (bytes) have been assigned in the chip to control
the delay steps and the channel gains including two registers to control the extra beam
delays after combination of channels. In free space, the time delay required between
two adjacent elements in the array is
t = d sin θ
c
(4)
where d is the element separation, c is the speed of light. For a 0.125m element
separation as in the prototype design and a 45◦ scan angle in the principle planes, the
required time delay between adjacent elements is 0.3 ns. The manufactured MFAA
prototype has 8×8 active elements where each with an integrated LNA. To achieve a
combined beam requires a two-level hierarchical beamformer. In the first level, group
of 4 element are combined by using one beamformer chip to form two independent
beams from each group. The second level of the beamformer combines these beams
also by a group of four to form a narrow analogue beam. The designed true-time
delay based ASIC fully meets this requirement with a maximum 1.2 ns delay on
each channel and an extra 1.2 ns delay on each beam. The measured relative time
delay at different steps is shown in Fig. 11. For each channel in the beamformer chip,
the amplitude can be controlled with a 0.5 dB step, in total 16 steps are supported.
The measured gain performance of one channel in the beamformer chip is given in
Fig. 12. The performance of the beamformer chip is given in Table 6.
5 Manufacturing process
Design for Manufacture (DFM) techniques are essential to deliver the telescope. In
order to reduce the associated transmission line losses for Vivaldi antennas, the dif-
ferentially fed tapered slot antenna elements can be screen printed on a polyester
foil using silver ink and have been copper plated afterwards [64], however, this
presents challenges for good inter-tile connections. There is ongoing development in
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Fig. 11 The measured 64 time delay steps of one channel in the beamformer chip
Vivaldi design [38]. Compared to other conventional antenna designs, array struc-
ture of C-ORA can be fabricated by etching, ink-jet or screen printing, ideal for a
large-scale low-cost implementation. The C-ORA demonstrates a robust repeatabil-
ity for mass production. Several manufacturing processes have been used for the
active and passive layers of C-ORA, including etching, printing and plating. At the
MFAA frequency for SKA, the manufacturing techniques has no significant effect on
the array performance. Recent development of Graphene ink for antenna manufac-
turing is investigated in [65], it provides an alternative low cost route for future mass
production although the material loss is of concern using the current techniques.
6 Prototype fabrication and test
The active layer of C-ORA finite array is manufactured by chemical etching on
N9000 PTFE laminate with the thickness of 0.127mm(εr = 2.2, tand = 0.0009),
and 0.5 ounce copper. The passive layer is etched on polyester with the thickness of
Fig. 12 The measured 16 steps of gain control of one channel in the beamformer chip
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Table 6 Performance of the time-delay based beamformer chip developed at Observatoire de Paris, Station
de Radioastronomie de Nançay
Parameter Value Description
flow (MHz) 400 Low frequency
fhigh (MHz) 1500 High frequency
Delay Step (ps) 20 time delay step
Number of delay steps 64 number of delay steps
Extra delay per beam (ps) 1200 delay after beamformed
Number of beams formed 2 2 independent beams
Number of input Channels 4 4 differential inputs
Phase errors ±10◦ within 10 degrees
Total delay (ns) 2.4 1.2 ns extra delay on each beam
System gain (dB) 18 Amplitude
number of gain steps 16 4 bits
gain change per step (dB) 0.5 Amplitude
Power consumption (mW) 720 Power consumption
50 μm. Polystyrene foams have been used to fill the space between the active layer
and the ground plane, and the space between the active and the passive layers. The
C-ORA finite array has been measured in a Compact Antenna Test Range (CATR).
The size of the CATR is 25.1m (L) × 14m (W). The total path distance from the
transmit antenna to the antenna array under test is approximately 33m by using a sub-
reflector. Directional EMC Test-Antenna HyperLOG 3080 from Aaronia AG is used
as the transmit antenna for the C-ORA array radiation pattern measurements.
The LNA and beamformer MMIC chips for the C-ORA prototype array are based
on NXP QUBiC4Xi 0.25μm BiCMOS technology. NXP has developed a carbon-
doped SiGe (SiGe:C) BiCMOS process (called QUBiC4xi) that has transformed the
traditional, high-volume silicon processes. It offers improved Ft ( ≥ 200 GHz) with
1.4 V breakdown voltage and a potentially lower noise figure (NF 0.5 dB at 10
GHz). The LNA PCB is a four layered design with Isola I-Tera substrate (εr = 3.45,
tand = 0.0031).
The LPDA elements are been designed for mass production so that they can be
fabricated using commercial techniques. The metal parts will be likely made out of
steel (either mild steel with a protective coating or galvanized steel). The arms of
the LPDA can be fabricated from sheet metal using a press tool. These arms will be
flat thin sheets (approx. 1mm thick) and will be welded to off the shelf square metal
tubes that form the transmission line of the antenna (commonly known as the boom
of the LPDA). The different dipoles forming the antenna will also be made as light as
possible by taking advantage of the fact that the electric currents will mostly flow in
the outer edges of the dipoles and therefore most of the metal in the central regions
can be safely removed without a significant impact on performance. The support
parts for the antenna will be molded for mass production and will help support the
antenna from the metal ground plane. We envisage this to be an elevated ground plane
376 Experimental Astronomy (2018) 46:357–380
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to allow for an easy deployment and maintenance process. Furthermore the LNA (1
per polarization) will be hosted inside the square tube forming the transmission line,
at the top, near the feeding point of the antenna. The LNA needs to be fully enclosed
inside the tube in order to function without the need of a balun. This also allows for
a weatherproof structure that won’t need any extra protection (eg. a radome) making
the mechanical construction durable and affordable. Finally, the signals from all the
antennas in a tile will be collected into a metal box underneath the ground plane
where signal conditioning, power feeding to the LNAs and transformation to RF over
Fiber for long distance data transmission will take place.
7 Front-end technology discussions
Front-end technologies play a significant role on the MFAA system design and
performance. A critical factor for array design consideration is the receiver noise,
which is dominated by the front-end components. Several prototypes have been built
and tested by different institutions using different technologies. Each demonstrates
its unique characteristics. A summary of advantages and disadvantages of different
front-end technologies is given in Table 7.
8 Conclusion
This paper provides the science community with a recent development summary on
MFAA front-end design of SKA. The collaboration study on the front-end design
have shown several possible routes to deliver the MFAA telescope for SKA sci-
ence observations. The array antenna selection and optimum antenna spacing -
array geometry configuration, are the key factors for consideration. Both sparse
and dense aperture array configuration with the corresponding antenna prototypes
have been investigated. The sparse array geometry demonstrated its advantage to
meet the sensitivity requirement by using less number of elements compared to a
dense array. However, dense array yields approximately a constant sensitivity across
the frequency band and by its nature allows excellent control of sidelobes over
wide FoV. Two candidate antennas for dense arrays including C-ORA and Vivaldi
antennas have been investigated, C-ORA using a fully differential front-end config-
uration and Vivaldi with a single-ended architect. The optimum MFAA front-end
design can not be simply selected by comparing the performance of the prototypes.
It is heavily dependent on distribution of required sensitivity over frequency for
prioritized science experiments, availability of subcomponents such as LNA and
the affordability on cost and power. Overall MFAA technology development has
been continuously progressing over the last decade. Subsystem trade-off optimiza-
tion activities also see significant improvements in all major challenging areas. The
option of using irregular sparse aperture arrays of wide band elements (eg. LPDAs)
should be able to leverage knowledge from the developments for the SKA1-LOW
(SKA LFAA in phase 1) instrument (an all digital system where the signals from
every antenna will be digitalized without prior analogue combination). This concept
378 Experimental Astronomy (2018) 46:357–380
may bring further advantages in terms of extra sensitivity at the low part of the fre-
quency band while reducing the number of antennas and receiving chains by a factor
of approximately 4, compared to the dense array. The more demanding processing of
high sidelobes in the sparse array is a concern from the dynamic range perspective.
This may be addressed with randomization of station geometry within an interferom-
eter array and new calibration techniques. Regardless of the geometry chosen an all
digital system will make easier the calibration of the arrays, in particular important
for sparse arrays. Progressively technology development is reducing the cost discrep-
ancy between the sparse and dense array. It is envisaged that MFAA technology will
become cost effective both for construction and operation by 2025 to continue the
exponential performance increase over time in radio telescope science.
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